The X-ray standing wave technique has demonstrated in these 1ast years to be a Powerful method in the study of interfaces. In this paper the fundamentals of the technique will be given, together with examples of applications in the field of metal-semiconductor,, of buried semiconductor-semiconductor interfaces and in structural studies of Langmuir-Blodgett frlms.
Introduction
In the early sixties Batterman [1] in his development of dynamical theory of diffraction put the basis of a new method, the X-ray standing wave (XSW) technique, which revealed, years later, full of potentialities in the stuctural studies of surfaces, interfaces and thin films. To understand the principle of formation of the X-ray standing wave in a crystalline matrix and how they can be used for stuctural studies, let us start with any X-ray plane wave impinging on a perfect crystal at the proper angle in order to have Bragg diffraction for a given set of lattice phane (hkll) . Ιn these conditions, due to the interference between the incident and diffracted wave flelds, the resulting electromagnetic (e.m.) fleld inside the crystal is a standing wave having the equintensity planes parallel to the diffracting planes and with their periodicity [1, 2] . It is well known from dynamical theory of diffraction that the phase difference between incident and diffracted wave fields changes by π when the crystal passes from the low angle to the high angle side of the diffraction curve. The phase shift causes a displacement of the standing wave with respect to the diffracting phanes as a function of the rocking angle, as shown in Fig. 1a and 1b . The e.m. field nodes coincide with the diffracting planes at the (553) low-angle side of the diffraction cnrve, while the autinodes coincide with them at the high-angle side. Therefore a modulation of the e.m. field intensity occurs when the crystal is rocked through its reflectivity curve, as illustrated in Fig. 2 . This modulation can be revealed by measuring, as a function of the rocking angle, the yield of secondary events, e.g. fluorescence, photoemission, Auger emission, etc.
The key point to use the XSW field for stuctural studies is that the modulation is different for different points of the crystallographic unit cell. This is illustrated in Fig. 3a, b and c where the simulated fluorescence intensities resulting respectively from excited atoms at a distance P from the diffracting planes e q u a l t o t h e i n t e r p l a n a r d i s t a n c ed , a n d f r o m a t o m s a t a d i s t a n c eΡ = 0 . 8 d a n d Ρ = 0.6d are shown. Different and well distinguishable curves can be obtained for intermediate values of P. It must be noted that in Fig. 3 the excited atoms are adsorbed on the substrate surface, and that the strong dependence of the modulation on the distance P allows a very accurate determination of the adsorbate . position with respect to the diffracting planes. The first evidence of the possibility to use the Χ-ray standing waves to obtain structural information on adsorbates was given by Cowan et al. in 1980 [3] , opening a neu and wide research fleld. Equation (1) gives the intensity of the fluorescence (or of other decay signals ) as a function of the rocking angle R(θ) is the reflectivity and v(θ) is the phase difference between the incident and the diffracted wave fields. These quantities are easily calculated from dynamical theory of diffraction.
F and P are, respectively, the amplitude and the phase of the charge density Fourier coefficient Fxgw of the excited atoms whose decay is measured for the given refection A complete structural determination requires in general the knowledge of the charge density Fonrier component along different directions, therefore several non c o -p l a n a r d i f f r a c t i n g p l a n e s a r e n e e d e d , e a c h S e t o f p l a n e s g i v i n g t h e c o m p o n e n t along its perpendicular.
The accuracy that can be attained in the position determination is rather good: in favorable conditions an accuracy of the order of 0.01 Α can be reached.
Εxρerimental requirements
Previously, in the description of the formation of the XSW fleld in the crystal we made the assumption that a plane wave was incident on the crystal. In fact, a double-crystal diffractometer in parallel, i.e. non-dispersive, geometry is generally used. The experimental rocking curve is the result of the convolution between the intrinsic reflectivity curves of monochromators and sample. An asymmetrically cut monochromator is often used in order to reduce its intrinsic reflectivity curve width.
Ιn XSW experiments the decay signal and the diffracted intensity must be simultaneously measured as a function of the Bragg angle. The rocking curve is in general very narrow (few seconds of arcs) and often the decay signal very weak, therefore long acquisition times (from few hours to some days) are required even with synchrotron radiation (at least with the presently available sources). As a consequence, feedback stabilization systems are often used, based either on analog or digital technology [4, 5] . When surface studies have to be carried out, both sample preparation and XSW measurements must be performed in ultrahigh vacuum. UHV chambers for XSW experiments are installed in many synchrotron radiation facilities, witl different layouts and different kind of detectors.
Applications

Alkali metal/Si interface
In this section we will give some results obtained in the study of alkali metal/Si interface. This kind of interfaces attracted recently great interest because of the special character of the interaction between the Si substrate atoms and the monovalent alkali metals. Interesting phenomena such as the large enhancement in the oxidation rate of the Si substrate when covered with alkali metals [6] and the ability of thin intralayers of alkali to coutrol the band offsets in heterojunctions [7] have been observed. Despite this interest, the location of alkali atoms on the Si substrate is still an open question. We studied the Rb/Si interface both on (111) and (100) orientations of the Si substrate in sub-monolayer coverage regime. In botl cases we will show that in fact a complex situation with multisite occupancy takes place, and we will show how important in this case is to have information from several diffracting planes. The experiments were performed at the NSLS synchrotron facility in Brookhaven, where a UHV beam line dedicated to XSW has been installed by AT&T. Rb was evaporated at room temperature on reconstructed Si surface: 7 x 7 for Si(111) and 2 x 1 for Si(100). Low energy electron diffraction (LEED) has been used to check the Si surface after reconstuction and after Rb deposition. Ιn both the orientations sharp LEED patterns have been obtained after a chemical treatment (Shiraki etch) of the samples outside the vacuum chamber and a tlermal treatment at about 800°C in vacuum. No new reconstruction stuctures have been detected by LEED after alkali metal deposition [8] .
Coverage was measured by means of the Auger spectroscopy and X-ray fluorescence. Absolute coverage measurements were obtained with samples capped with Si and previously calibrated with Rutherford backscattering. Two coverages were studied in Si(111): 0.05 ML (monolayer) and 0.16 ML (1 ML = 7.83 x 10 14 at./cm2) while in Si(100) only one coverage was analyzed: 0.19 ML (in this case 1 ML = 6.78 x 10 14 at./cm 2). The Rb K fluorescence line was measured, together with the diffracted intensity. For clarity purposes discussion of the results will be given separately for the two orientations.
Si(111)
In this case two reflections from different diffracting planes were used, i.e. (111) and (-111). The former set of phanes is parallel to the surface, while the second one forms an angle of 70.5A0 with the (111) surface, and gives therefore information about a different component. The alkali metals were evaporated on the 7 x 7 reconstruction described by the DAS (dimer-adatom stacking fault) model of Takayanagi [9] , schematically shown in Fig. Λ . The threefold hollow site (II3), the threefold filled site (Τ4), the atop site, the adatom (A) site and the vacancy site (V) were considered as possible adsorption sites. Moreover, we distinguished among the faulted and the unfaulted halves of the reconstructed cell. The XSW experimental results are shown in Fig. 5a and 5b for the two diffracting planes. From these measurements four parameters are determined, two for each reflection: the positions P»1 and P_111 and the coherent fractions F111 and F-11. If many sites are involved, as is the present case, two reflections are not enough to obtain directly, without any other hypothesis, the exact location of the adsorbed atoms. Therefore we calculated the position of the sites under consideration from the coordinates calculated for the 7 x 7 recoastruction b y Qian and Chadi [10] and assuming that the bond length between Si and alkali atoms is the sum of the covalent radii. This assumption is based on both theoretical and experimental indications [11] . In this way it was possible to calculate the position pi for all the sites under consideration and for each set of diffracting planes. Allowing the occupation probability fi of each location p+ to vary between 0 and 1, all the possible site combinations were obtained. for cach combination the Ρ and F values are calculated from Eqs. (2) and (3) and then compared with the corresponding experimental quantities, taking into account also the possihle occurrence of static and dynamic disorder. Only the distributions giving a good agreement with the experiment are therefore taken into consideration. Table I gives the numerical results, while Fig. 6 shows the site distribution that we found. The results can be summarized as follows: i) More than one site is simultaneously occupied b y alkali atoms on Si(111) 7 x 7 surface.
ű) The alkali atoms for both coverages are mainly distributed among the 113 unfault, the Τ4 (it is not possible with XSW to distinguish between Τ4 on the faulted and Τ4 on the unfaulted part of the cell) and the atop fault sites. Our measurement therefore clearly indicates a clear distinction in adsorption properties between the faulted and the unfaulted lalves of the 7 x 7 reconstruction, as already reported by some authors [12] .
Si (100)
As stated before, the Sí(100) surface displayed the typical (2 x 1) reconstuction. It is known that the 2 x 1 reconstruction contains both asymmetric dimers and oscillating dinners whose time-averaged position is the symmetric one [13] . The orientation of dieters with respect to the crystallographic axes identifies two domains rotated of 90° ones with respect to the others. From the LEED pattern we evaluated an equiprobable presence of the two domains. In order to have more complete information about the interface structure we used in this case three diffracting phanes: (400), (31I) and (220). The first phane is parallel to the surface, while the (311) and the (220) planes form respectively an angle of 25.14°a nd 45° with the surface. Figure 7a mud 7b shows the measured Rb fluorescence and diffracted intensity for the three reffectious, and Table II summarizes the P and F values found. As in the case of (Il l) l) orientation the low value of the coherent fraction gives indication of a multisite occupancy. Figure 8 shows the possible occupancy sites in the (2 x 1) surface -cell. All these sites, i.e. the bridge (B), the pedestal (P), the cave (C), the va|ley (V) and the site on to of the higher between the buckled dieters atoms were considered as possible adsorption sites. Moreover, we distinguished, by means of the (311) reflection, between the two possible arrangements of the buckled dimer, i.e. Τ1 and T, (see Fig. 9 ). We assumed for symmetry reasons that adsorption at B, P, C and V sites symmetrizes the dinvers. The procedure is now similar to the one adopted in the case of (111) orientation, but we have in this case three reflections instead of two, and therefore we can determine a larger number of unknowns. In particular we did not fix the bond length between Si and alkali metal to a determined value, but we allowed it to vary between two limiting values, i.e. from the sum of the ionic radii to the sum of the covalent radii of Si and Rb. In addition, we considered the possibility of a rearrangement of the Si outmost layer due to the Rb adsorption. Table III summarizes the site distribution we obtained. The large majority (60%) of the Rb atoms adsorb at the valley site, 20% at top T1 site and 10% at pedestal and bridge sites. The bond length turned ont to be 3.06 ± 0.03 Å, few tenths of an angstrom shorter than the sum of the covalent radii. A significant rearrangement of the Si outmost layer due to Rb adsorption takes phace. In fact, the Si atoms in the symmetric dimers move in both the perpendicuIar and parallel directions to a position which is close to the 1 x 1 structure. Adsorption on T1 induces also a displacement of the higher Si atom of the dimer pair.
In conclusion, tle example of the Si/alkali metal interface shows that also in complicated surface structure where multisite occupancy takes phace, the XSW technique can give quanti tati ve information about atomic location, bond length and surface rearrangement. From the discussion it results how important is to use the largest possible number of refections in order to obtain reliable and self-consistent results.
GaAs buried interfaces
A recent application of the XSW technique deals with the GaAs/ΙnΑs/GaAs interface where the problem of In segregation is of primary importance. We studied [14] an InAs monolayer encapsulated between the GaAs substrate and a GaAs cap layer 300 Α thick. The sample was prepared at the Max-Planck Institute in Stuttgart following a special procedure to limit In segregation. ligh resolution X-ray diffraction (HRXRD) measurements yielded the total quantity of In atoms which turned out to be 1.1 ML, and confirmed us that the epitaxial In layer was coherent with the substrate. The XSW measurements were performed on the beam line D15B of the DCI storage ring of the synchrotron source LURE in Orsay. The (400) reflection was recorded and the In Lα fhorescence intensity was measured as a function of the Bragg angle. The results are shown in Fig. 10 . From the fitting of the experimental curve we obtained P = 1.17f0.02 and F = 0.58±0.07, where P is the resulting position of In with respect to the GaAs diffracting phanes and F is the resulting coherent fraction. Taking into account the results of the HRXRD we found a distribution of In atoms in three monolayers: 75% of the total In atoms are incorporated in the first monolayer, 20% in the second and 5% in the third one, as shown in Fig. 11 . Moreover, «e found that the In atoms are not randomly distributed as they would be in a GaxIn1-xΑs alloy, but form InAs terraces. Each position is displaced with respect to the GaAs phanes by 15%, as we would expect in the case of terraces coherent with tle substrate and tetragonally deformed.
Long period standing waVes
As mentioned above, the period of the standing waves is equal to the interphanar spacing d of the diffracting planes. Asa consequence, the formation of long-period standing waves have been demonstrated in artificial superstuctures [15] and in Langmuir-Blodgett films, these last consisting of organic molecules self-organised in well defined molecular layers [16, 17] . The lattice spacing is in these cases of the order of few tens of augstroms.
In Ref.
[17] a Langmuir-Blodgett film consisting of about 100 monolayers of lead stearate deposited on a Si substrate and overcoated with one monolayer of barium behenate has been studied, recording the Pb Λ!' and the Ba Lα fluorescence both in the angular region of the first order diffracted intensity and in the total reflection region. Figure 12 shows, respectively, the Pb and Ba fluorescence intensity as a function► of incidence angle in the total reflection region, recorded with standard generator at the Institute.
The analysis of fluorescence modulation in the diffracted region is not dissimilar from what presented before for natural crystals, in the sense that the standing waves are formed by the interference between incident and diffracted waves and have the same period of the diffracting phanes. The situation is different in the total reflection region. In this case, due to the fact that the index of refraction in matter for X-rays is less than 1, uuder a critical angle the X-rays are totally reflected from a solid surface and standing waves whose period d is a function of the incidence angle: d = λ/2 sin θ (λ is the incident radiation wavelength) are generated above the reflecting surface [18] .
Scanning the angle from zero to the critical angle makes the first antinodes to move from infinity to the mirror surface, with the period d changing as a function of the angle. A probe placed at a certain distance D from the surface will sense the movement of the autinodes and therefore will show modulation in the fluorescence (or other decay siguals) inlensity. The angular position of the maximum in fluorescence intensity is therefore related to the distance D of the probe from the reflecting surface. It is worth to note that in Fig. 12 the maximum in Ba fluorescence is at a lower angde with respect to the maximum in Pb fluorescence, as expected from calculations [17] . This method can give accurate atomic localization in the few tens to hundred angstroms range, opening very interesting perspectives in biomembrane studies and in biosensors.
In conclusion, the great potentialities of the XSW technique have been put in evidence. These potentiadities have not yet been completely exploited, due to the complexity of the technique an d to the long acquisition time still needed in many cases. The new generation of synchrotron radiation sources will certainly constitute a breakthrough aud a great opportuuity for this fascinating tool for matter investigation.
